Vanilloids are pain evoking molecules that serve as ligands of the "heat and capsaicin receptor" TRPV1. Binding of either endogenous or exogenous vanilloids evokes channel and subsequent neuronal activation, leading to pain sensation. Despite its pivotal physiological role, the molecular basis of TRPV1 activation and deactivation is not fully understood. The highly conserved tyrosine in position 511 (Tyr 511 ) of the rat TRPV1 (rTRPV1) was the first residue to be identified as a necessary participant in the vanilloid-mediated response. rTRPV1 cryo-EM structures implicated rotation of this residue in the vanilloids bound state. Therefore, we hypothesize that the rTRPV1 Tyr 511 residue entraps vanilloids in their binding site, prolonging channel activity. To test our hypothesis, we generated an array of rTRPV1 mutants, containing the whole spectrum of Tyr 511 substitutions, and tested their response to both exo-and endovanilloids. Our data show that only substitutions of Tyr 511 to aromatic amino acids were able to mimic, albeit partially, the vanilloid-evoked activation pattern of the wt receptor. Although these substitutions reduced the channel sensitivity to vanilloids, a maximal open-channel lifetime could be achieved. Moreover, whereas their current activation rate remains intact, receptors with Tyr 511 substitutions exhibited a faster current deactivation. Our findings therefore suggest that the duration of channel activity evoked by vanilloids is regulated by the interaction between Tyr 511 and the agonist. To conclude, we suggest that Tyr 511 -mediated anchoring of vanilloids in their binding pocket is pivotal for TRPV1 activation and subsequent pain sensation.
Vanilloids are pain evoking molecules that serve as ligands of the "heat and capsaicin receptor" TRPV1. Binding of either endogenous or exogenous vanilloids evokes channel and subsequent neuronal activation, leading to pain sensation. Despite its pivotal physiological role, the molecular basis of TRPV1 activation and deactivation is not fully understood. The highly conserved tyrosine in position 511 (Tyr 511 ) of the rat TRPV1 (rTRPV1) was the first residue to be identified as a necessary participant in the vanilloid-mediated response. rTRPV1 cryo-EM structures implicated rotation of this residue in the vanilloids bound state. Therefore, we hypothesize that the rTRPV1 Tyr 511 residue entraps vanilloids in their binding site, prolonging channel activity. To test our hypothesis, we generated an array of rTRPV1 mutants, containing the whole spectrum of Tyr 511 substitutions, and tested their response to both exo-and endovanilloids. Our data show that only substitutions of Tyr 511 to aromatic amino acids were able to mimic, albeit partially, the vanilloid-evoked activation pattern of the wt receptor. Although these substitutions reduced the channel sensitivity to vanilloids, a maximal open-channel lifetime could be achieved. Moreover, whereas their current activation rate remains intact, receptors with Tyr 511 substitutions exhibited a faster current deactivation. Our findings therefore suggest that the duration of channel activity evoked by vanilloids is regulated by the interaction between Tyr 511 and the agonist. To conclude, we suggest that Tyr 511 -mediated anchoring of vanilloids in their binding pocket is pivotal for TRPV1 activation and subsequent pain sensation.
Vanilloids, both endogenous and exogenous, are pain evoking molecules (1, 2) . They serve as ligands of the mammalian transient receptor potential vanilloid type 1 (TRPV1) 2 protein, a nonselective cation channel also known as the "heat and capsaicin receptor" (3) . TRPV1 is mainly expressed on C and A␦ fibers of the somatosensory system, where it plays an essential role in the development of inflammatory hyperalgesia and pain (4 -6) . Furthermore, this polymodal receptor acts as a molecular sensor for a large array of acute noxious stimuli, of both physical and chemical nature, including, in addition to vanilloids, heat (Ͼ42°C) (7) , low pH (pH Յ 6.5) (8, 9) , and peptide toxins (10, 11) . Although endovanilloids (such as the endocannabinoids anandamide, N-arachidonoyl dopamine (NADA), and lipoxygenase products of arachidonic acid) have been identified as TRPV1 agonists (12, 13) , its most known and studied activator is the exovanilloid capsaicin, the "hot" ingredient in chili peppers (14) . However, although elucidating this ligandreceptor interaction will provide a better understanding of the mechanism underlying noxious stimuli detection in the pain pathway, the molecular basis of vanilloids-mediated TRPV1 activation and deactivation is not fully understood.
Since TRPV1 cloning in 1997 (3) , several residues that participate in its vanilloid-mediated activation have been identified (15) (16) (17) (18) (19) . The identification of these residues, mainly through site-directed mutagenesis analyses, laid the basis for the ever increasing body of studies aiming to elucidate various aspects of this important receptor (20 -22) . These studies have led to the identification of the vanilloid binding site (VBS), a TRPV1 intracellular pocket to which all known vanilloids, endogenous and exogenous, bind and evoke subsequent channel activation (23) (24) (25) (26) (27) (28) . The solved cryo-EM structure of the rat TRPV1 (rTRPV1) showed that in the presence of vanilloids (capsaicin or resiniferatoxin), residues within the VBS are scattered around the agonist, in proximity to the intracellular domain between the receptor S3 and S4 transmembrane segments (23) . Moreover, based on this cryo-EM structure, a recent molecular docking and molecular dynamic studies proposed potential configurations of vanilloids inside the VBS (26 -28) . However, the VBS mechanism of action and the roles of its different residues in the vanilloid-evoked TRPV1 response are yet to be defined.
The tyrosine at position 511 of the rTRPV1 was the first VBS residue to be identified as a participant in capsaicin and resiniferatoxin-evoked receptor activation (15) , as the Y511A substitution alone was sufficient to abolish receptor activation by these exogenous vanilloids (15, 17) . The rTRPV1 cryo-EM structures in the presence of exovanilloids clearly points to a close proximity of this highly conserved residue to the agonist (23) . Moreover, these structures indicate that Tyr 511 assumes two distinct rotamers in apo versus bound states, where its side chain points away either from or into the VBS, respectively (Fig.  1A) . Although recent molecular docking and molecular dynamics studies point to an interaction between Tyr 511 and the ligand in the bound state ( Fig. 1B) suggests a limited role in the initial interaction between vanilloids and their binding site. Therefore, how this residue participates in the vanilloids-evoked TRPV1 activation remains to be determined. Taking into account the suggested rotation of the rTRPV1 Tyr 511 residue (23) and its interaction with vanilloid in the bound state (26 -28) , we hypothesize that this residue entraps the vanilloids in the VBS, thus prolonging ligand occupancy in its binding pocket and enabling full duration of channel activation. To test this hypothesis, we generated an array of rTRPV1 mutants, containing the whole spectrum of Tyr 511 substitutions, and tested their response to the exovanilloid capsaicin and the endovanilloid NADA by calcium imaging and electrophysiology. Our data showed that only substitutions of Tyr 511 to aromatic amino acids were able to mimic, albeit partially, the vanilloid-evoked activation pattern of the wt receptor. Although these substitutions reduced the channel sensitivity to vanilloids, indicated by the rightward shift in capsaicin doseresponse, maximal open-channel lifetime was achieved. Moreover, whereas current activation rate remains intact, Tyr 511 substitutions lead to a faster current deactivation. Taken together, our data clearly indicate that upon vanilloid binding, Tyr 511 rotates and interacts with the ligand to enable a full duration of channel activity. Thus, Tyr 511 primarily regulates the deactivation process of vanilloid-mediated TRPV1 response. Furthermore, our findings suggest that substituting this residue to small aliphatic amino acids (such in the widely used Y511A substitution) shorten the duration of ligand occupancy in the VBS, which does not allow adequate channel gating. To conclude, we propose that upon its rotation, Tyr 511 binds vanilloids to stabilize ligand-receptor interaction and allow vanilloidevoked TRPV1 activation and pain sensation.
Experimental Procedures
Structural Representation-To refine the protein structure, capsaicin bound (PDB code 3j5r) (23) and apo (PDB code 3j5p) (29) rTRPV1 reconstructions were downloaded from RCSB Protein Data Bank, and loaded into the Maestro molecular modeling environment (Maestro, version 9.2, Schrödinger, New York). Ionizable residues were set to their normal ionization states at pH 7, and a restrained energy minimization (with a relatively higher convergence threshold of a gradient to ϳ0.3 kJ/Å mol) was performed using OPLS-2005 force field.
Molecular Docking Analysis-The capsaicin structure was reconstituted using the Maestro Molecular Modeling Environment 2008 (Maestro, version 9.2, Schrödinger), and energy was minimized using Macromodel minimization panel with a OPLS-2005 force field and GB/SA water model, applying a constant dielectric of 1.0. Polak-Ribiere first derivative, conjugated gradient minimization was employed with maximum of 1,000 iterations and a convergence threshold of a gradient to 0.05 kJ/Å mol. The LigPrep2.0 module of Schrodinger was used to generate possible ionization states at pH 7.0 Ϯ 2.0. Conformers from confgen-ligprep output were then docked in an rTRPV1 VBS using the extra precision (XP) scoring mode of Glide. A grid of center of 10 ϫ 10 ϫ 10 Å on residues 511, 570, and 550 was constructed. Van der Waals radii of ligand and receptor were 0.8 and a partial charge cut-off of 0.15 was used. Ten docked poses were generated to sample a range of possible docking modes. An in situ refinement of the predicted proteinligand complexes was then performed using Macromodel minimization, using the OPLS-2005 force field and GB/SA water model with a constant dielectric of 1.0. A Polak-Ribiere first derivative, conjugate gradient minimization was employed with a maximum of 5,000 iterations and convergence threshold of a gradient of 0.05 kJ/Å mol. In addition, per-residue free energy contributions (Van der Walls, Columbic, C-C nonbonding, and H bonding) and average distances for the intrinsic docking poses were analyzed.
Site-directed Mutagenesis-Site-directed mutagenesis of the wt rTRPV1 gene cloned into a pCDNA3.1ϩ plasmid was performed using a Q5 Site-directed Mutagenesis Kit (New England Biolabs) according to the manufacturer's protocol, with primers (Sigma) designed using the NEBaseChanger software (New England Biolabs). Additionally, following digestion with the restriction enzymes HindIII and ApaI (New England Biolabs), wt rTRPV1 and Y511F, Y511M, and Y511W mutants were subcloned into the pCDNA5/FRT/TO plasmid using the T4 DNA ligase (Thermo Scientific), according to the manufacturer's protocol. Following bacterial (TOP 10 Chemically Competent Escherichia coli (Invitrogen)) transformation, all DNA constructs were extracted using a miniprep kit (Purelink, Invitrogen) according to the manufacturer's protocol, and sequenced (Hy labs, Israel) to verify mutagenesis.
Cell Culturing and Transfection-Cell culture and transfection were carried out as described (11, 25) . Briefly, human embryonic kidney 293T (HEK293T) and Flp-in T-REx 293 (Invitrogen) cells were transfected with a total of 1 g of DNA (100 -500 ng of rTRPV1 expressing constructs, 200 ng of enhanced green fluorescent protein in pCDNA3.1ϩ, and an empty pcDNA3.1ϩ plasmid to reach a total DNA amount of 1000 ng) using Mirus LT1 transfection reagent (Mirus Bio) and Opti-MEM I (reduced serum medium, Invitrogen) 24 h before analysis. Co-transfection with enhanced green fluorescent protein was carried for quick identification of successful transfection (except those used in calcium imaging). Three hours before electrophysiological analysis, transfected Flp-in T-REx 293 cells were treated with doxycycline (0.2-0.7 g/ml) to induce transgene expression.
Live-cell Calcium Imaging-Transfected HEK293T cells were spotted at poly-D-lysine (0.2 mg/ml)-coated imaging chambers (-slide, 8 well, Ibidi, Germany) 3-4 h before being loaded with Fura-2AM (Invitrogen; 2 M) dissolved in Ringer's salt solution (in mM: 140 NaCl, 2.5 KCl, 1.8 CaCl 2 , 2 MgSO 4 , 20 HEPES, and 5 D-glucose, pH 7.4, with NaOH) for 1 h. Cells were then washed twice with Ringer's solution and incubated for 30 min. Stock solutions of 10 mM capsaicin (Tocris Bioscience, UK), 10 mM NADA (Tocris Bioscience), and 100 mM 2-aminoethoxydiphenyl borate (2-APB; Tocris Bioscience) in DMSO were dissolved in Ringer's salt solution to obtain the desired concentrations. Using an inverted microscope (Olympus IX70, Japan), cells were illuminated with a xenon arc lamp, and excitation wavelengths (340/380 nm) were selected by a Lambda DG-4 monochromatic wavelength changer (Sutter Instrument). Fluorescence emission at Ͼ480 nm was captured with a front-illuminated interline CCD camera (Exi Blue, QImaging, rTRPV1 Tyr 511 Entraps Exo-and Endovanilloids in the VBS BC, Canada) and the MetaFluor Fluorescence Imaging Software (Universal Imaging Corp.) that was further used for offline analysis. Background-corrected 340/380 nm ratio images were collected every 4 s.
Electrophysiology-Whole cell and single channel recordings were carried out as described (25) . Briefly, HEK293T cells were used for whole cell recordings and Flp-in T-REx 293 cells for single channel recordings, 24 h after transfection. Patch electrodes were fabricated from borosilicate glass using the P1000 Micropipette Puller (Sutter Instrument, CA) and fire polished using the microforge MF-900 (Narishige, Tokyo, Japan). Glass electrodes were fire polished to a resistance of 3-4 megohms for whole cell and 12-15 megohms for outside-out patch. The pipette solution constituted (mM): 130 KCl, 4 NaCl, 2 MgSO 4 , 0.5 CaCl 2 , 10 EGTA, and 10 HEPES adjusted to pH 7.2 with KOH (estimated free Ca 2ϩ was 17 nM, using Maxchelator software). Bath solution comprised of (mM): 140 NaCl, 2.3 KCl, 2 MgSO 4 , 5 HEPES, and 5 MES (pH 7.4) was adjusted with NaOH. Calcium was excluded from external solution to avoid TRPV1 desensitization (30) . Following establishment of the whole cell or outside-out configuration, cells were perfused using the ValveBank perfusion system (AutoMate Scientific, CA). Stock solutions of 10 mM capsaicin (Tocris Bioscience) or NADA (Tocris Bioscience) in DMSO were dissolved in bath solution to obtain the desired concentrations. Recordings were performed using Digidata 1440A digitizer and Axopatch 200B amplifier (Molecular Devices, CA). Whole cell currents were recorded at Ϫ40 mV, whereas outside-out patches were held at ϩ50 mV. Data were collected and analyzed using pClamp 10.2 software (Molecular Devices). All experiments were carried out at 22-23°C. Whole cell currents were filtered at 1 kHz using a low-pass Bessel filter and sampled at 2-5 kHz, whereas single channel currents were filtered at 5 kHz and sampled at 50 kHz.
Data Analysis-All statistical data were calculated using Sig-maPlot 11 (Systat Software, CA) and Prism 6 (GraphPad Software) software. Student's t test and ANOVA were used to determine statistical significance. To determine the ratio between protons and vanilloid-evoked responses, maximal currents (i.e. peaks) were used for quantification. Dose-responses were calculated using the sigmoidal Hill equation (Eq. 1) as follows,
when I ϭ measured current; I max ϭ maximal current at the relevant saturating dose (pre-measured for each construct); x ϭ tested agonist concentration; EC 50 ϭ calculated concentration that elicits 50% of maximal current, and n ϭ Hill coefficient. Clampfit 10.2 software (Molecular Devices) was used to calculate rates of whole cell current activation ( on ) and washout ( off ), using exponential fitting (using single-exponential function from 10 to 90% of the peak) as previously described (31, 32) , and for single-channel analysis. For each construct, 300 -1400 events were collected from 4 to 8 separate outside-out patches.
To determine channel amplitude, all-point amplitude histograms were generated using data digitally filtered at 1 kHz.
To determine channel open probability, traces filtered at 2 kHz were idealized using the half-amplitude threshold crossing method (25, 31, 33) .
Results
Determining Capsaicin Sensitivity in rTRPV1 Containing Various Amino Acid Substitutions in Position 511-To determine the role tyrosine 511 plays in the activation mechanism of rTRPV1, we substituted this amino acid with all remaining amino acids by generating an array of mutated rTRPV1 constructs, and transiently expressed them in HEK293T cells ( Fig.  1) . We determined the sensitivity of rTRPV1 containing the various Tyr 511 substitutions to capsaicin (2 M) by calcium imaging (Fig. 1C ). To verify expression, correct folding, and trafficking of the different rTRPV1 mutants, we exposed them to 2-APB (0.3 mM), a non-vanilloid TRPV1 agonist that does not require Tyr 511 (34) , and analyzed their response by calcium imaging (Fig. 1C ). As summarized in Fig. 1D , capsaicin-evoked TRPV1 activation was dramatically impaired in all mutants; whereas substitutions to small or charged amino acids showed the most profound effect, substitutions to the two aromatic amino acids, phenylalanine (F) and tryptophan (W), had only a moderate effect.
We next assessed the activation pattern of the two most capsaicin-sensitive mutants, Y511F and Y511W, as compared with wt rTRPV1 (Fig. 2) . We also determined the activation pattern of two of the least capsaicin-sensitive mutated receptors, Y511M and Y511I, which maintained sufficient sensitivity to allow current analysis. Using whole cell recordings (V H ϭ Ϫ40 mV), the currents evoked by two capsaicin concentrations, 1 and 30 M, were determined and normalized to the corresponding proton-evoked currents (pH 5.5) (Fig. 2) . These two capsaicin concentrations were chosen because 1 M capsaicin is a saturating concentration for the wt rTRPV1 (25, 26) , whereas 30 -100 M is regarded as the maximal concentrations for this agonist (mainly due to its limited solubility in physiological solutions). To allow comparison between the different constructs, we used protons (pH 5.5) because they activate TRPV1 through a different binding site (the outer pore domain) (35, 36) and via a different activation mechanism (25) . Importantly, to avoid cross-contamination between different agonists during sequential applications, protons, rather than 2-APB, were used as they are washed fast and fully. Calcium was omitted from all electrophysiological solutions to avoid calcium-dependent receptor desensitization (30) . As shown in Fig. 2A , both 1 and 30 M capsaicin evoked similar currents in the wt receptor, which was double of the protons-evoked response (I pH 5.5 ϭ 429 pA; I 1M Cap ϭ 882 pA; I 30M Cap ϭ 920 pA), as previously shown (11, 25, 35, 36) . However, whereas 30 M capsaicin evoked a robust response in the Y511W mutated receptor, which was close to double the protons evoked current (I pH 5.5 ϭ 934 pA; I 30M Cap ϭ 1569 pA), the current evoked by the lower capsaicin concentration was half of that evoked by protons (I 1M Cap ϭ 498 pA). This phenomenon was even more profound in receptors harboring a substitution to a non-aromatic amino acid, such as the Y511M substitution. Application of 1 M capsaicin evoked a small current (I 1M Cap ϭ 19 pA) in the Y511M mutant receptor, and application of 30 M capsaicin resulted in a current that was half of that evoked by protons (I pH 5.5 ϭ 3044 pA; I 30M Cap ϭ 1794 pA). Of note, this was only rTRPV1 Tyr 511 Entraps Exo-and Endovanilloids in the VBS obtained when cells with a substantially high receptor expression levels, indicated by high protons current, were chosen for analysis. Fig. 2B summarizes normalized currents of five different rTRPV1 constructs (wt, Y511W, Y511F, Y511M, and Y511I). To exclude that those substitutions affect protons sensitivity, we analyzed the protons dose-response of the wt, Y511W, and Y511F constructs. As shown in Fig. 2C , comparable dose-response curves were obtained. Thus, our calcium imaging and electrophysiological data demonstrate that only substitutions to the two aromatic amino acids (Phe and Trp) can partially preserve TRPV1 response to capsaicin, albeit in high agonist concentration.
Substitutions in Position 511 Impair Binding of Capsaicin to rTRPV1-To determine whether the impaired capsaicin sensitivity upon substitutions in position 511 affects rTRPV1 gating response. Statistical significance between responses to different capsaicin concentrations for each construct was determined with paired Student's t test, where *** represents p Յ 0.001 and ns represents a nonsignificant difference (n ϭ 5-9 cells). Note a reduction in the capsaicinevoked response in all tested mutants. Importantly, the recordings from Y511M and Y511I constructs could only be obtained when overexpressed. 
rTRPV1 Tyr 511 Entraps Exo-and Endovanilloids in the VBS
and/or binding of the agonist, we compared the dose-responses of the two capsaicin-responsive mutated receptors, Y511F and Y511W, to that of the wt receptor. These mutant receptors were chosen for analysis, as they were the only ones to reach saturated responses in soluble capsaicin concentration (Յ50 M in physiological solutions). Whole cell recordings (V H ϭ Ϫ40 mV) of HEK293T cells transiently expressing the wt and mutant receptors were used for this analysis, where cells were exposed to increasing concentrations of capsaicin (to minimize concentration estimation errors arising from its hydrophobicity) until currents were saturated (Fig. 3A) . As shown in Fig. 3 , the obtained dose-response curves indicate a dramatic shift in the sensitivity of mutant receptors to capsaicin (Table 1) . However, clear current saturation was achieved in the mutated receptors and the obtained Hill coefficients were similar to that of the wt rTRPV1 ( Fig. 3 and Table 1 ).
To test for potential impairment of vanilloids-evoked channel gating in the mutated TRPV1, we analyzed the open probability and conductance of the capsaicin-evoked response (Fig.  4 ). To this end, we explored the single channel properties of the wt receptor, the highest capsaicin-sensitive mutants containing the Y511F or Y511W substitutions, and a relatively capsaicininsensitive mutant containing the Y511M substitution ( Figs. 1  and 2 ). Constructs were expressed using the Flp-in T-REx 293 system for controlled protein expression, because it allows low and time-dependent channel expression in levels suitable for single-channel recordings (11, 25, 37) . Using the outside-out patch configuration of the patch clamp technique from Flp-in T-REx 293 cells transiently expressing the different constructs, we analyzed the conductance and open probability of capsaicin-evoked currents. We initially exposed the patch to 1 M capsaicin, which was followed by exposure to 30 M capsaicin (Fig. 4A ). As shown in Fig. 4, the Fig. 4 and Table 1 ). Notably, no changes in the conductance of the channel were obtained in the different mutant receptors (Fig. 4B and Table 1 ). Thus, our data indicate that substitutions in position 511 of rTRPV1 only minimally affected channel gating.
Substitutions at rTRPV1 Position 511 Increase the Rate of Current Washout-Our results indicate that only aromatic substitutions maintain relatively high sensitivity to capsaicin ( Figs.  1-3 ). Taken together with the suggested rotation of the rTRPV1 Tyr 511 residue upon vanilloid binding and the unaffected channel gating (23) (Figs. 1-4 ), we hypothesize that the observed impaired binding of capsaicin to mutated rTRPV1 resulted from impaired entrapping of the agonist in the VBS. To test whether the substitutions in this residue affect the duration of agonist binding, we measured the rates of activation and deactivation (at 30 M capsaicin) of the wt receptor and those containing Y511F and Y511W substitutions. As shown in Figs.  3 and 4 , the activation of these mutants was saturated at maximal capsaicin concentration and their open probability was similar to that of the wt receptor at the relevant maximal concentration. Using the whole cell configuration, we recorded capsaicin-evoked currents from HEK293T cells transiently expressing the different constructs (V H ϭ Ϫ40 mV). To verify similar expression levels, cells were initially exposed to protons (pH 5.5; 5 s) and only those with a protons-evoked current of 0.8 -1 nA (corresponded to maximal capsaicin-evoked current of 1.8 -2 nA) were further analyzed. As shown in Fig. 5 , wt and mutated receptors exhibited similar activation rates when exposed to capsaicin (Table 1) . Nevertheless, washout rates were dramatically increased in mutated receptors as compared with wt (Table 1 ). These results indicate that the Y511F and Y511W substitutions did not interfere with the initial binding of capsaicin to TRPV1; rather, they shorten the duration of agonist occupancy by increasing its dissociation rate from the VBS. JUNE 24, 2016 • VOLUME 291 • NUMBER 26

JOURNAL OF BIOLOGICAL CHEMISTRY 13859
Substitutions in rTRPV1 Tyr 511 Similarly Affect Exo-and Endovanilloids Evoked Response-To assess whether the role of the Tyr 511 residue is unique to capsaicin or also applicable to other vanilloids, we extended our analysis to the endovanilloid NADA. To this end, we determined NADA-evoked response of the rTRPV1 Tyr 511 substitutions Trp, Phe, Met, Ile, and Gly (Fig. 6) . Throughout our analysis, the maximum concentration of NADA was used (i.e. 2 M) to allow VBS saturation (38) . Calcium imaging analysis revealed similar reduction in receptor sensitivity to NADA upon substitutions of the Tyr 511 residue, as obtained for capsaicin (compare Figs. 1D and 6A ). In addition, the ratio between the currents evoked by NADA and protons in receptors containing aromatic substitutions was significantly smaller than the wt, similar to the ratios in maximal capsaicin concentration (compare Figs. 2B and 6B ). Furthermore, similarly to capsaicin, a dramatic increase in the NADA washout rate was observed for the aromatic substitutions (compare Fig. 5 to 6, C  and D) . Notably, the washout rates of NADA for the wt receptor and the analyzed substitutions were slower than the capsaicin washout rates (for wt rTRPV1, capsaicin: off ϭ 7.60 Ϯ 0.94 s, NADA: off ϭ 22.10 Ϯ 4.20 s). This is likely due to the longer aliphatic chain of NADA as compared with capsaicin, resulting in FIGURE 5 . Substitutions of the Tyr 511 increase the current washout rate. A, superimposed normalized whole cell washout currents of indicated constructs (wt rTRPV1, black line; rTRPV1 (Y511F), dark gray line; rTRPV1 (Y511W), light gray line) exposed to 30 M capsaicin (Cap). Inset, superimposed normalized whole cell activation currents of the same constructs. Holding potential was Ϫ40 mV. B, mean/scatter-dot plot (n ϭ 5-7 cells) representing the rate () of activation (left) and washout (right) of the whole cell currents from the indicated constructs evoked by 30 M capsaicin. Rates were determined by exponential fitting of the data. Statistical significances between the wt and mutants rTRPV1 are indicted as ***, p Յ 0.001 (ANOVA followed by multiple comparison test). rTRPV1 Tyr 511 Entraps Exo-and Endovanilloids in the VBS its higher hydrophobicity, which retains it in proximity to the receptor. In summary, our findings indicate that residue Tyr 511 of rTRPV1 is required for entrapping the agonist to its binding site, and suggest this tyrosine forms favorable interactions with the ligand to allow full duration of channel activation.
Discussion
Endogenous and exogenous vanilloids activate sensory nerve terminals by opening TRPV1 channels, eliciting receptor generator potentials, initiating action potentials, and leading to pain sensation (2, 6, 21) . Although efforts to elucidate the molecular basis of these sensory processes have identified several amino acids in the TRPV1 protein that participate in vanilloids binding and subsequent channel gating (15, 17, 19) , their mechanism(s) of action remained largely unknown. Here, we analyzed the role of a conserved tyrosine, Tyr 511 in the rTRPV1 sequence, in the vanilloid-evoked response. We show that substitutions to other aromatic residues only partly mimic tyrosine activity, implying that this amino acid directly interacts with the agonist. Furthermore, we provide evidence that rTRPV1 Tyr 511 secures the agonist in its binding pocket, allowing full duration of the vanilloid-evoked response.
Tyr 511 of rTRPV1 was the first amino acid to be identified as part of the VBS (15) . Although the Y511A substitution was extensively used to study physiological, structural, and biophysical processes related to the VBS, the exact role of this residue in the activation mechanism of TRPV1 by vanilloids remained largely unknown. To outline the specific role of Tyr 511 in the vanilloid-evoked TRPV1 response, we initially substituted this residue with all of the different amino acids. Our findings clearly indicate that only substitution to the aromatic residues, phenylalanine and tryptophan, can mimic, albeit partly, the vanilloid-evoked response of the wt receptor ( Figs. 1, 2, and 6 ). Although receptors containing substitutions to other aliphatic residues such as isoleucine, methionine, and cysteine were also activated by capsaicin and NADA, they did so to a much lower extent than substitutions to aromatic residues, whereas no activation was obtained upon substitutions to small aliphatic, charged or polar amino acids ( Figs. 1, 2, and 6) .
A possible caveat of our analysis is the limited solubility of vanilloids, which precludes analysis in response to high concentrations. Therefore, it is possible that mutated receptors that did not respond to 30 M capsaicin in our analysis maintained low sensitivity to this agonist and are capable to respond to higher concentrations. However, all of the known VBS-associated activators or inhibitors are highly hydrophobic and the membrane proximity of this site indicates that more hydrophilic agents might not reach this site (2) . Nevertheless, our findings demonstrate that a maximal vanilloid-evoked TRPV1 activation could only be achieved if an aromatic residue occupies position 511.
What is the role of Tyr 511 in the activation mechanism of TRPV1 by vanilloids? An elegant, simplified model was proposed by Del Castillo and Katz (39) (recently summarized by William Zagotta (40)) (Equation 2), which separates ligand binding from activation gating of ligand-gated ion channels,
where A is the agonist, R is the receptor, K A is the association equilibrium constant for binding, and L is the equilibrium constant of the bound channel. The parallel shift in the apparent EC 50 of receptors containing the Y511F or Y511W substitutions (with no change in the Hill coefficient; Table 1 and Fig. 3 ), together with their unaffected open probability (at maximal capsaicin concentration; Fig. 4) , clearly indicate the binding (K A ) was most affected in these TRPV1 mutants ("K phenotype") (41) . Furthermore, we found a dramatic shift of ϳ2-3fold in the deactivation rate, but no shift in the activation rate under saturation conditions of both capsaicin and NADA (Figs. 5 and 6). Thus, our results point to a pivotal role of rTRPV1 Tyr 511 in ligand binding, mainly in stabilizing the ligand-receptor complex, with no apparent role in receptor gating. Statistical significance between normalized responses of wt rTRPV1 and different mutant constructs is indicted as ***, p Յ 0.001 (ANOVA followed by multiple comparison test). C, superimposed normalized whole cell washout currents of the indicated constructs (wt rTRPV1, black line; rTRPV1 (Y511F), dark gray line; rTRPV1 (Y511W), light gray line) exposed to 2 M NADA. Holding potential at Ϫ40 mV. D, mean/scatter-dot plot (n ϭ 4 -7 cells) representing the washout rate () of whole cell currents evoked by 2 M NADA. Rates were determined by exponential fitting of the data. Statistical significances between the wt and mutants rTRPV1 are indicted as **, p Յ 0.01 (ANOVA followed by multiple comparison test).
rTRPV1 Tyr 511 Entraps Exo-and Endovanilloids in the VBS
Our data suggest that Tyr 511 entraps the agonist to its binding pocket. Thus, agonist binding leads to movement of this residue, as suggested by the recently published rTRPV1 structure and molecular docking and dynamic analyses (23, 26 -28) , resulting in favorable interactions and stabilization of the agonist in its pocket. Surprisingly, substitutions of tyrosine in this position with either phenylalanine or tryptophan caused a comparable shift in the apparent EC 50 (Fig. 3 ) and current washout ( Figs. 5 and 6 ). This may reflect a role of the tyrosine hydroxyl group in anchoring the agonist. Indeed, the formation of a hydrogen bond between the Tyr 511 hydroxyl group and capsaicin amide oxygen was suggested by a recently reported molecular dynamics simulation (27, 28) (Fig. 1B) . Our docking analysis suggests that the aromatic interaction between the phenyl ring of capsaicin and rTRPV1 Tyr 511 allows a significant gain in free energy (Ϫ6 kcal/mol, with an average distance of ϳ2 Å), which was further synergized by the hydrogen bond (by Ϫ1 kcal/mol). However, whereas the docking score of the Y511F substitution (Ϫ4.1 kcal/mol) was only marginally lower as compared with the wt receptor (Ϫ4.8 kcal/mol), its free energy gain was significantly lower (Ϫ2 kcal/mol, with an average distance of ϳ2.5 Å). These observations suggest that whereas aryl-aryl interactions with aromatic rings favor vanilloid binding, the hydrogen bond between the agonist and the tyrosine residue further strengthen this interaction.
Thus, in combination with the structure analysis and molecular dynamic simulation (23, 27, 28) , our mutagenesis analysis points to a two-step mechanism of Tyr 511 -depdendent TRPV1 activation. First, agonist binding induces conformational changes, resulting in an aryl-aryl interaction between the ligand and Tyr 511 and enabling channel activation (as evident by the similar activation pattern of the aromatic substitutions, Figs. 4 and 5). Ligand-receptor interactions involving aromatic rings, as we propose for vanilloids and Tyr 511 of TRPV1, are key processes in biological recognition (42) . Second, the formation of hydrogen bonds between Tyr 511 and the agonist, which prolongs agonist occupancy in the VBS (as suggested by the increased deactivation rate upon substitution to other aromatic acids, Figs. 5 and 6). In summary, we suggest that TRPV1 Tyr 511 is required for anchoring the agonist to the VBS through both aryl-aryl interaction and hydrogen bond formation, which increase the duration of the ligand-receptor complex, enabling adequate channel gating.
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